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Aptamer-Based Magnetic Nanoprobe for Quantitative Measurement of
Chloramphenicol in Milk through Portable Reader

Abstract

Background: We described here an aptamer-based magnetic nanoprobe for measuring the amount
of chloramphenicol (CAP) in milk. Methods: The nanoprobe presented in this method consists of a
magnetic nanoparticle conjugated to a specific CAP aptamer. If the target is detected in the sample,
the nanoprobe binds to it, and the aptamer forms a G-quadruplex structure. This structure mimics
the peroxidase activity in the presence of the hemin cofactor. If tetramethylbenzidine is added to the
sample containing the nanoprobe, a blue color light is observed. After adding a stop reagent solution,
the color produced is measured by a microplate reader and a portable meter. Results: This study proves
a 99% positive linear relationship between the microplate reader’s results and the portable meter results.
Conclusion: Conjugation of the aptamer to magnetic nanoparticles and applying magnetic separation
operations change the nanoprobe performance by 11% for both mentioned devices.
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Introduction

Chloramphenicol (CAP), one of the oldest
antibacterial agents applied, has a wide
range of activity against Gram-positive and
Gram-negative bacteria, as well as aerobic
and anaerobic bacteria.l!. This antibiotic
can also have dangerous side effects, such
as bone marrow suppression, which can be
fatal or causes aplastic anemia. Particularly
in infants, CAP toxicity can cause cyanotic
heart disease and cardiovascular collapse,
known as “gray syndrome.”?3 According
to epidemiological studies, CAP is strongly
associated with leukemogenesis.*>! The
apparent risk of anemia and the carcinogenic
effects of CAP indicates that its presence
in food is unlawful and intolerable. Thus,
a sensitive approach for tracking CAP’s
residues in food samples seems to be quite
necessary.

Nowadays, the common approaches used
to diagnose CAP can be classified into
the laboratory and the non-laboratory
methods. Non-laboratory methods
for detecting CAP can be fluorescent
lateral flow tests and sensors.*”) The
advantages of non-laboratory methods
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include independence from the
laboratory environment, on-site detection
capability, high operating speed,
and low cost. Laboratory strategies
for the detection of CAP include
chromatography  techniques such as
liquid chromatography (LC), LC-mass
spectrometry (MS)/MS, high-performance
liquid chromatography, thin-layer
chromatography, gas  chromatography
-MS, and column chromatography.®!3
Alternative laboratory methods for CAP
diagnosis include immunoassay techniques
such as enzyme-linked immunosorbent
assay (ELISA), chemiluminescence
immunoassay, and microbiological methods
such as agar diffusion.l'*!"

Aptamers are diagnostic agents based
on nucleic acids that have recently
attracted much attention.'! As a matter
of fact, aptamers are single-stranded
oligonucleotide sequences or DNA/RNA
oligomers that bind specifically to the target
molecule.'*? They are generated through
a process called systematic evolution
of ligands by exponential enrichment
(SELEX).) Aptamers can capture various
objectives from small molecules such
as ochratoxin A and metal ions through
organic molecules, proteins, and whole
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cells.?**] Higher stability, lower production costs, easier
synthesis, and labeling without affecting the affinity, all
of these are aptamer advantages over antibodies and
enzymes.”” They have the same properties as the previous
recognition elements, antibodies, and enzymes, without
their disadvantages.

By trapping their target molecule, aptamers can change
their structure to a specific folding.”! After trapping
their targets, aptamers with guanine-rich sequences in
their structure can change their structure to G-quadruplex
form.””" Unlike the usual connections between DNA
bases, guanine-rich nucleic acid sequences can fold in
G-quadruplex, a four-stranded secondary structure in
which the four guanine bases are connected through the
Hoogsteen base pairing in the same plane.”®*! By adding
a specific cofactor, hemin molecule, to the G-quadruplex
formed aptamers, a peroxidase activity appears.*”)

In our work [Figure 1], the recognition element is an
aptamer that, in addition to its high sensitivity and
specificity for detecting CAP, forms a G-quadruplex
structure after capturing its target molecule, CAP, present in
the sample. Utilizing magnetic nanoparticles in a detection
probe and applying a magnetic field eliminates the effect
of unwanted factors (such as other biological molecules)
present in the sample that may interact in the process,
thus reducing the false positive or false negative responses
produced.

Materials and Methods
Reagents and apparatus

The biotin functionalized aptamer was obtained
from Bioneer Co. Ltd (South Korea). The Iron oxide
magnetic nanoparticles solution was obtained from

ChemiCell GmbH (Germany) with a concentration of
10 ng/mL in H O and average particle sizes of 60-90 nm.
The magnetic nanoparticles were streptavidin-coated.
The 0.5% CAP solution was obtained from Sina
Darou (Iran). The tetramethylbenzidine (TMB) substrate,
the stop reagent solution, and the hemin were obtained
from  Sigma-Aldrich (Germany). The magnesium
chloride (MgCl,), Potassium chloride (KCI), Calcium
chloride ~ (CaCl,), Sodium chloride (NaCl), and
Tris hydrochloride (Tris HCI) were obtained from
Merck (Germany). The Accu-Chek® Portable Meter,
together with its compatible test strips, was obtained from
Roche (Switzerland).

Aptamer Selection and modeling

Functions of G-quadruplex aptamer in our work consist
of (i) capturing CAP molecules and (ii) creating HRP
mimicking characteristics (peroxidase activity). In this
work, the appropriate aptamer to make the detector probe
was obtained from the patent issued by Blust ef al. This
aptamer sequence is as follows:!

5’-AGCAGCACAGAGGTCAGATGACTGAGG
GCACGGACAGGAGGGCATGGAGAGATGGCG-3’

The reason for choosing this aptamer was the repeated
guanine sequences, the high ability for detecting the CAP
molecule, and the aptamer’s physical structure.

Evaluation of the performance of selected aptamer for
specific binding to chloramphenicol

In order to ensure the peroxidase activity of G-Quadruplex
aptamer structure-hemin complex formed after specific
binding to CAP, the enzymatic activity of the G-Quadruplex
structure was examined in the presence of hemin as a

Blue color

H0+0;+e Oxidized TMB

I

O i}

G-quadrupex
aptamer

Streptavidin-coated
magnetic nanoparticle

stop reagent -
solution insert =

Biotin Hemin

Yellow light

\

Colorimetric analysis by the
Accu-Chek®

Chloramphenicol

Figure 1: Schematic colorimetric measurement of chloramphenicol with the portable meter through the aptamer-based magnetic nanoprobe
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prosthetic group, and TMB/H, O, as a substrate-chromogen
for peroxidase activity. To perform this test, first, a suitable
volume of selected aptamer was prepared at a concentration
of 2 uM. Then, it was placed at 95°C for 10—15 min until
the possible secondary structures formed in the oligomer
were removed and the preparation steps were performed
on ice. The reaction mixture consisting of selective
aptamer at 2 uM and CAP at 0, 1.25, 2.5, 5, 10 (% W/V)
and the hemin 1 uM were incubated in the phosphate
buffer saline (PBS) as reaction buffer for 30 min at room
temperature in constant and continuous shaking. Then,
TMB/H,O, as substrate-chromogenic complex was added
to mix and incubated at room temperature with gently
shaking for 30 min, and then H, SO, as a reaction stop
reagent was added to the same volume of TMB/H,0O,. The
color changes due to the peroxidase activity of the complex
in the presence of CAP were evaluated and the adsorption
of the reaction solution at 450 nm was determined with a
microplate reader and Portable meter.

Detection of chloramphenicol in milk using specific
aptamer

In this regard, 15 ul of pasteurized milk with 1.5% fat
were poured into five microtubes of 0.2 ml. Subsequently,
the CAP was diluted in milk at different concentrations
(0, 1.25, 2.5, 5, 10 [% W/V]) in milk and the hemin 1 uM
was incubated in the PBS as reaction buffer for 30 min at
room temperature in constant and continuous shaking. Zero
milk-containing microtube was free of CAP. It represented
the excipients’ background effect in the reaction and was
called nonspecific binding (NSB). Then, TMB/H,O, as
substrate-chromogenic complex was added to mix and
incubated at room temperature with gently shaking for
30 min, and then H SO, as a reaction stop reagent was
added to the same volume of TMB/H,O,. The color
changes due to the peroxidase activity of the complex in
the presence of CAP were evaluated and the adsorption
of the reaction solution at 450 nm was determined with
microplate reader and portable meter.

Detection of chloramphenicol in milk

aptamer-based magnetic nanoprobe

using

Our magnetic nanoparticles, ranging from 60 to 90 nm
and a 10 mg/ml concentration, were coated with
streptavidin protein. The streptavidin protein tends to bind
to the biotin attached at the end of our oligonucleotide
sequence (biotin-labeled). Regarding the conjugation
operation, the tube containing magnetic nanoparticles
was placed inside a vortex mixer device so that if the
nanoparticles had been aggregated, they were dispersed and
were regularly distributed in the solution. The magnetic
nanoparticles were then mixed with aptamer into a microtube
containing the binding buffer. To do so, 5 ul of aptamer and
5 ul of magnetic nanoparticle solution were added into a
0.2 ml microtube containing 10 ul of the binding buffer. The
microplate wells were placed in an incubator shaker at 37°C

for 15 min to enhance the binding process. Afterward, the
CAP aptamers conjugated with magnetic nanoparticles were
added to milk-containing microtubes with different CAP
concentrations in them. To carry out a washing procedure,
the microtubes were placed on a magnet plate to accumulate
magnetic nanoparticles at the bottom of the microtubes due
to the magnetic field created. The extra solution in each
microtube was removed to finally leave 1 pl of the pure
mixture of the nanoparticle-aptamer-CAP at the microtubes’
bottom (magnetic separation). The hemin solution was then
added to all microtubes and put back into the incubator
shaker for 15 min at 37°C and 140 rpm. Subsequently,
the TMB solution was added to the microtubes and put in
the shaker incubator for 15 min with the same settings as
before. After observing the color changes, a stop reagent
solution was added to microtubes. A microplate reader
device and a Accu-Chek® portable meter were used to
analyze the results. The microplate reader device was set
in absorbance mode, and the 450 nm filter was selected for
accomplishing the reading process.

The evaluation criteria

In order to evaluate the results obtained from aptamer and
aptamer-based magnetic nanoprobe, the

Pearson correlation coefficient (r) has been used. This
criterion is expressed as the following relation:

e Z(XM = X)WV = V5)
\/Z(XM _xc)2 Z(yM _yc)2

Where x,, and y,, are the microplate reader results average
and portable meter results average, respectively. Moreover,
x, and y, are the individual microplate reader and the
portable meter results, respectively. The standard curve
trendline slopes were also used to identify nanoparticle
conjugation’s role in the detection probe’s performance
through the aptamer and aptamer-based magnetic
nanoprobe.

(1)

Results and Discussion

Aptamer selected for detection of chloramphenicol in
milk

The primary structure of the oligonucleotide sequence
of this aptamer was drafted by RNAstructure
software [Figure 2]. According to the sequence selection
criteria, which include the least amount of dissociation
energy (Kd) and the stem-loop structure containing at least
4 consecutive guanines base, the aptamer sequences were
investigated. Based on these characteristics, the sequence
was selected as a specific aptamer for the detection of CAP.

Colorimetric performance of the selected aptamer for
chloramphenicol detection in buffer

By evaluating the function of the selected oligonucleotide
as CAP G-quadruplex aptamer, it was observed that by
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increasing CAP concentration from well number one
to well number five, the blue color intensity would be
increasing [Figure 3]. This indicates that the diagnostic
method selected in this study was able to identify CAP
properly and cause color change based on CAP concentration.

Colorimetric performance of the selected aptamer for
chloramphenicol detection in milk

The color change results in the milk sample after adding
TMB are shown in Figure 4. The results indicated by
increasing the concentration of CAP in milk, the color
intensity of the reactions was increased.

The color change results after adding the stop reagent
solution are shown in Figure 5. This test was also indicated
that the increasing concentrations of CAP could be detected
in milk after adding TMB and stop reagent in the each well.

Figure 2: Chloramphenicol aptamer structure simulation and by
RNAstructure software

Figure 3: Evaluation of the selected G-quadruplex aptamer function for
mimicking peroxidase activity in the presence of its target and cofactor
hemin

Since NSB represents the background effect of the
excipients involved in the reaction, its absorption rate can
be neglected to determine the exact absorption rate resulting
from the diagnosis of CAP. The results displayed on the
microplate reader device and the portable management
device are presented in Tables 1 and 2.

According to the results mentioned in Tables 1 and
2, standard curves for aptamer-based detection of
CAP using microplate reader and portable meter were
plotted [Figures 6 and 7].

The results for the aptamer-based magnetic nanoprobe for
detection of CAP were presented in Tables 3 and 4.

According to the results mentioned in Tables 3 and 4,
standard curves for the aptamer-based magnetic nanoprobe
for detection of CAP were generated [Figures 8 and 9].

Evaluation of nanoprobe performance through aptamer
and aptamer-based magnetic nanoprobe detection of
chloramphenicol

By comparing the standard curves for the two cases, free
aptamer (when the detection probe has only consisted
of the aptamer) and nanoparticle conjugated aptamer
(when the detection probe has consisted of the magnetic

Table 1: Results displayed on the microplate reader
through aptamer-based detection of chloramphenicol

Microplate OD 450 nm Chloramphenicol

wells Concentration ("¢ )  Volume (%)
A* 0.00+0.01 0 0

B 0.32+0.02 62.5 1.25

C 0.48+0.03 125 2.5

D 0.57+0.04 250 5

E 0.78+0.05 500 10

*NSB. NSB — Nonspecific binding; OD — Optical Density

Table 2: Results displayed on the portable meter through
aptamer-based detection of chloramphenicol

Microplate Portable Chloramphenicol

wells meter Concentration (**/ ) Volume (%)
A* 0.0+0.5 0 0

B 2.9£1.0 62.5 1.25

C 4.4+1.5 125 2.5

D 6.5+£2.0 250 5

E 8.4+2.5 500 10

*NSB. NSB — Nonspecific binding

Figure 4: Colors observed after detecting chloramphenicol in milk sample by aptamer and followed by application of TMB. TMB: Tetramethylbenzidine
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nanoparticles together with the aptamer), it can be
concluded that the trendline slopes of these graphs differ
significantly [Table 5]. This indicates that the nanoprobe’s
performance significantly differs in the free aptamer mode

Table 3: Results displayed on the microplate reader
through aptamer-based magnetic nanoprobe detection of

chloramphenicol
Microplate OD 450 nm Chloramphenicol
wells Concentration (" )  Volume (%)
A* 0.00+0.01 500 10
B 0.34+0.02 250 5
C 0.49+0.03 125 2.5
D 0.58+0.04 62.5 1.25
E 0.75+0.05 0 0

*NSB. NSB — Nonspecific binding; OD — Optical Density

Table 4: Results displayed on the portable meter
via aptamer-based magnetic nanoprobe detection of

chloramphenicol
Microplate Portable Chloramphenicol
wells meter Concentration (**/ )  Volume (%)
A* 0.0+0.5 500 10
B 3.0£1.0 250 5
C 4.5+1.5 125 2.5
D 5.542.0 62.5 1.25
E 8.5+2.5 0 0

*NSB. NSB — Nonspecific binding

R / ’ : 7 \
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Figure 5: Colors observed after detecting chloramphenicol in milk sample
by aptamer and followed by application of TMB and stop reagent. TMB:
Tetramethylbenzidine
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and the nanoparticle conjugated aptamer mode. This
comparison is carried out for both the microplate reader
device and the portable manager device. Conjugation of the
aptamer to magnetic nanoparticles and applying magnetic
separation operations changed the nanoprobe performance
by about 11% for both devices [Table 6].

Correlation coefficient analysis

One of the favorite approaches to compare the performance
of a new diagnostic test to that of an existing method is
to calculate the correlation coefficient.?'*2! This approach
is the world’s most popular method after the Bland and
Altman method.** In order to measure the linear correlation
between the two results obtained from the microplate
reader and the portable management device, the Pearson
correlation coefficient is used. The Pearson correlation
coefficient values can vary from +1 to —1, where +I
means a perfect positive relationship, —1 indicates a perfect
negative relationship, and 0 indicates no relationship
exists.?¥ The Pearson correlation coefficient result for our
observations in aptamer conjugated magnetic nanoparticles
mode [Table 5] is 0.9929, which indicates a strong positive

0.9
y = 0.0489x + 0.3093
0.8 R?=0.9528
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Figure 6: Microplate reader results standard curve for aptamer-based
detection of chloramphenicol
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Figure 7: Portable meter results standard curve for aptamer-based detection
of chloramphenicol

Figure 8: Microplate reader results standard curve for aptamer-based
magnetic nanoprobe detection of chloramphenicol
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Table 5: Results displayed on both devices for
aptamer-based magnetic nanoprobe detection of

chloramphenicol
Subject OD 450 nm Portable Pearson correlation
meter coefficient

A 0.00+0.01 0.0+0.5

B 0.34+0.02 3.0£1.0 0.9929

C 0.49+0.03 4.5+1.5

D 0.58+0.04 5.542.0

E 0.75+0.05 8.542.5

OD — Optical Density

Table 6: The difference between two standard curve
trend line slopes

Measurement The standard curve  Difference between

devices trend line slope Case 1 and 2 (%)
Case 1 Case 2

Microplate reader 0.0489 0.0433 11.451

Portable meter 0.6024 0.5357 11.072

y=0.5357x+2.7391
8 R?=0.9728

Portable meter

o 2 4 6 8 10 12
Choloramphenicol Concentration (% W/V)

Figure 9: Portable meter results standard curve for aptamer-based magnetic
nanoprobe detection of chloramphenicol

linear correlation between microplate reader results and
portable meter results.

Conclusions

The purpose of the present research study is to provide
an aptasensor-based method for detecting CAP against the
deficiencies of the prior art for CAP detection. Aiming at
the problems of current CAP detection methods such as
high cost, time-consuming and poor reliability, the present
nanomolecular method has simple operation, low cost,
high sensitivity, portability, and short response time. The
advantages of the technology designed are concluded in
the following.: (i) one advantage of our proposed method
is that only one oligonucleotide strand, the G-quadruplex
aptamer, plays the role of the recognition element and the
transducer. In other words, the target detection process and
the signal production are done only by the G-quadruplex

aptamer. This not only makes the process of making the
final diagnostic kit easier and cheaper but also increases
the manufacturing speed. It is more cost-effective than
conventional methods and can be developed as an on-site
screening test. Conventional CAP biosensors need a specific
transducer agent to produce the signal. For example, in
work done by Zijing et al., SYBR Green I, a fluorescent
DNA binding dye, is used to produce a fluorescent signal
for the quantitative measurement of CAP.*! These types
of fluorescence analysis methods also need a quenching
group and a complementary single-stranded DNA fragment
to keep the quenching group close to the fluorescent dye.
Other conventional CAP biosensors, mostly based on
the ELISA method, are laboratory-based and mainly use
expensive monoclonal antibodies. (ii) since the similar
works to us need a fluorescence spectrophotometer to
process the signal, the other advantage for our method
is that it does not require some laboratory instruments
for processing the signals.’37 Compared to the previous
arts®**1 in which the generated signal must be processed
by electrochemical impedance spectroscopy, rotational/
linear voltammetry, or a potentiostat/galvanostat, the
electrical signal from our portable method did not require
such laboratory equipment. In this way, the nanobiosensor
can be utilized as a portable device to carry out a screening
on-site. (iii) another advantage of this research is that it
can be generalized and set up for various target molecules.
Nevertheless, the newly selected aptamer, which is specific
to the new target molecule, must have the ability to form a
G-quadruplex structure after capturing the target. (iv) one
of the applications of nanotechnology in diagnostic phases
is magnetic separation using magnetic nanoparticles. The
presence of magnetic iron nanoparticles attached to the
detector probe increases the capturing ability of our probe.
In this way, when the detector probe is added to the sample
solution and shaken, the probe is dispersed throughout it,
so they attach to the target molecule, and then, by placing
a magnet near the tube containing the mix of sample
and probe, the probe attached to the target molecule is
concentrated at one point. (v) another innovation of this
method is developing a “portable management device,”
commonly known as “portable meter” to detect CAP
using a specific aptamer and magnetic nanoparticles. The
portable manager device processes the signal generated
by the transducer and demonstrates it digitally. The term
“Portable management device” is derived from a Roche
company patent.*”) Depending on the device signal
processor, the signal generated by the transducer could be
amperometric or colorimetric. For example, Beurer GL
42 Portable Monitor is a portable meter (Beurer GmbH,
Germany) uses an amperometric procedure for signal
processing; therefore, the transducer performed by us can
be set to produce an electrochemical signal in the target’s
presence. On the other hand, some types of portable
monitoring devices deal with the colorimetric assay for
signal measuring; accordingly, our transducer has also the
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capability to produce colorimetric signals in the presence
of the target. As another example, the Accu-Chek® Active
Portable Meter measures color changes produced on its test
strip and processes them by its signal processor. Therefore,
by setting our transducer to produce a color change
signal in the target’s presence, we can also use this type
of portable management device as a signal processor. The
present method has essential significance for popularizing
the aptamer sensor’s practical application in environmental
issues and other food safety aspects.
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